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Abstract 
We have investigated the following theoretical 
points relevant to surface EXAFS : proport ionality 
of the signa l to the absorption cross section, ana-
lys i s of the osc illation s with the simple EXAFS 
formula, accuracy i n the determination of distance s 
and coord in at ion numbers, transferability of phase 
shifts and amplit ude factors. We describe some of 
the most used techniques to record the Surface 
Extended X-Ray Absorption Fine Stucture (SEXAFS) 
oscillations, both the photon induced techinques 
and the electron induced ones, such as the Auger 
effect, the total or partial yie ld, the ion des-
orption techinque, the appearance potential spec-
troscopy and surface reflection electron loss 
spectroscopy; and in each case we underline 
their potentialit ie s and their limit ations. 
KEY WORDS: Extended X- Ray Absorption Fine Structure 
(EXAFS), Electron Energy Loss Spectra, Surfaces, 
Auger, Ion Desorption, High Resolution, Local 
Structure, Adsorption sites. 
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Introduction 
It has long been recognized that the study 
of clean surface crystallography and adsorption 
sites of adatoms at surfaces is crucial from two 
points of view : first it brings elements of an 
answer to the question of how el ectronic and 
elastic properties of a solid are modified by 
the creation of a surface, since the arrangement 
of the atoms minimizes the total energy of the 
system . On the other hand, it i s directly related 
to the understanding of the mechanisms of bond 
formation and reactivity at surfa ces which is a 
key for catalys is. 
For these reasons many efforts have been 
made to develop structural techniques which sam-
ple specifically the surface. Low energy electron 
diffraction (LEED) gives the periodicity in the 
plane of the surface in a very straightfon,1ard 
way ; but considerab le sophi stications are needed 
to get distances wit h a precis i on better than 
0.1 ~. including systematic comparison with heavy 
and expensive multiple scattering cal culat ions . 
Moreover it is restricted to the characterization 
of (long range) ordered structures. Ultravio let 
or Soft X Ray photoemission has al so been widely 
developed in the last fifteen years due to its 
hi gh sensitivity to the surface which results from 
the small mean free path of the detected electrons. 
Neverthe le ss the shape of the s ignal i s so depen-
dent on the electronic structure that crystallo-
graphic information may rarely be clearly extrac-
ted. 
During the same period the Extended X Ray 
Absorpt ion Fine Structure (EXAFS) technique has 
proved to be a very powerful tool for local struc-
ture determination in bulk materials :,fthe kind 
of atom around which the str ucture is obtained 
may be se lected and ii) the s impli city of the data 
analysis allows a precision on the distances of 
the order of 0,01 ~ in an important number of 
cases without requiring an elaborate knowledge of 
the electronic structure. These two properties, 
added to the fact that no long range order is need-
ed, make EXAFS a desirable tool for surface phy-
sics if it can be modified to become surface sen-
s itive. This has been achieved in the last four 
years and a number of new techniques can now give 
information on surfaces via extended fine struc -
ture analysis. It is interesting, at this point, 
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to discuss from a theoretical point of view what i s 
the sensitivity of these methods and in doing this 
two kinds of questions are asked which can be sta-
ted as follows : i) are there surface specific pro-
blems which could limit the accuracy within the 
standard EXAFS formalism? ii) is the signal pro-
portional to the absorption cross section so that 
the basic EXAFS formula may apply? 
We will address these two questions in this 
paper which is organized in the following way: in 
the next section, we review the techniques of pho-
ton- and electron- induced bulk EXAFS, their 
strengths and limitations. In particular we under-
line the importance of recording a large number of 
oscillations (which is generally not the case in 
SEXAFS) and the complications due to the existence 
of anharmonic elastic forces. We then discuss three 
methods of photon induced surface EXAFS, namely 
Auger-SEXAFS, yield-SEXAFS and ion desorption and 
their relationship with the absorption cross-sec-
tion . The same is done in the final section for 
appearance potential spectroscopies and surface 
electron energy lo ss spectroscopy which are elec-
tron-induced SEXAFS techniques . 
Bulk EXAFS 
We recall in this section the standard des-
cription of an absorption process far from thres-
hold. It is shown how quantities such as distances, 
coordination number and Debye-Waller factor are 
extracted and why the distances may be obtained 
with such a high accuracy. Then we critically dis-
cuss the approximations underlying the basic for. 
mula, which could become questionable in an SEXAFS 
analysis. Finally we briefly sketch the principles 
of extended electron energy loss fine structure. 
Standard formali sm of EXAFS 
The 1ntens1ty attenuation of an x ray beam, 
passing through a sample of thickness d, is equal 
to I/I =e- µd where µ is proportional to the absorp-
tion c~oss section of the sample. This function is 
largely dependent on the photon energy ~w : as ~w 
increases µ displays discontinuities when new chan-
nels of excitation of electrons are opened, i.e . 
each time that ~w becomes equal to the binding 
energy Es of an electron on a core level. Byse-
lecting a threshold in the experimentally avail-
able range of photon energies one thus selects 
excitations of a given core electron on a given 
type of atom in the sample. The measure of µ as a 
function of ~w has been greatly helped by the 
development of synchrotron radiation sources which 
provide high fluxes of photons. 
Above an edge, the behaviour of the absorption 
cross sec ti on is different according to whether the 
excited atom is far from other ones, as in a mono-
atomic gas, or whether it belongs to a molecule or 
a solid. In the first caseµ decreases monotonous-
ly µ =µ0 (~w) while in the other cases oscillations 
are superimposed on the background µ=µ0 (~w)(l+ x(~w)). 
These oscillations are called extended X ray 
absorption fine structures (EXAFS) and, when it 
was realized that they are due to a scattering of 
the photoelectron by the neighbouring atoms in the 
sample, efforts were made to analyze them in a way 
such that the local environment of the excited 
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atom could be characterized (Stern 1978, Eisen-
berger et al. 1978, Lee et al. 1981, Teo et al. 
1981). 
The simplest explanation of the phenomenon 
says it is an interference effect between two 
electronic waves : the first wave is associated 
with the photoelectron of energy ~w-Es (Es is the 
binding energy of the hole) which goes out of the 
excited atom, often called the central atom ; the 
second wave is the portion of the first one which 
has been elastically scattered by a neighbouring 
atom. The interference process occurs on the cen-
tral atom where the overlap with the core level 
is larger, so that the phase difference i',j, between 
the two waves is roughly 6~ = 2kR, R being the 
distance between the scattering and the central 
atom and k the wave vector of the photoelectron 
(~w - Es= ~2 k2/2m). As ~w varies the interfer-
ences are successively constructive and destruc -
tive,and this leads to an oscillatory behaviour 
of the absorption cross section. The process is 




Fig. 1 : Interference pattern between the outgoing 
and scattered wave : a) the wave length A of the 
photoelectron is such that the interference is 
constructive ; b) the photon energy ~w has 
changed and the interference is destructive . 
that its mathematical transcription for unpolarized 
light reads : 





We have already defined the wave vector k of 
the photoelectron ; if this latter suffers in-
elastic losses which give it a mean free path A, 
-2R./A 
e J represents the fraction of electrons which 
have had no losses during the round trip 2Rj bet-
ween the central atom and one of the Nj atoms located 
at the distance Rj . It is seen through this factor that 
only ela:!~{\e}ectrons are assumed to contribute to 
EXAFS. e J is a kind of Debye-Waller factor linked 
to the mean square value 03 of the relative 
displacements of the central and scattering atoms; 
the fluctuations of the distance R. around its 
mean value, due to thermal vibratiorls and/or 
Theoretical consider ations on sur f ace EXAFS 
di sor der, are accounted for, in th i s contex t, by 
a Gaussian probabilit y law. lf -(k ,TT) I i s the am-
plitude of the sca ttering fact6r of th e neighbour-
ing atom j in the backward direction ; it may be 
expressed as a function of the phase shift s of the 
sca tterin g pote ntial, so it depends upon the atomic 
spec ie s of this ato m and upon the kinetic energy 
of the photoelectron. Finally ZkRj + ¢j(k) is the 
phase difference between the outgoing and back-
sca ttere d waves that we have alr eady mentioned : 
aside from the optic al path ZkRj, ¢j represents 
a correction to the free electron picture coming 
both from the centr al atom potential and from th e 
sca ttering one. Equation (1) is th e basic EXAFS 
formula, the precise form of which i s used to 
extract information . 
Str ength s of the method 
The EXAFS oscillations have been known s ince 
1930 under the name of Kronig osci ll ations. But it 
is only s ince Sayers, Stern and Lytle (1971) proved 
that equat i on (1) could be inverted by Fourier 
techniques, to yield the charac teri stic distances 
of the different shell s of atoms around the central 
ato m, and since the avail abi l it y of hard x- ray 
synchrotron sources in 1974 that the int erest was 
renewed. The procedure has been refined along the 
years and we will now recall which information 
may be extracted from the analys i s of the phase 
and of the amplitud e. 
Fourier_transform_technigue. The raw data obtained 
in an EXAFS exper iment consist of the two measure-
ments of the inc id ent intensity I0 and the trans-
mitted one I as a function of the photon frequency. 
In order to get the EXAFS f unct i on x(k) i t i s ne-
cessary f i rst to take the l ogar ithm of I/I 0 and 
then t o subtract the monotonic background µ 0 • 
Then a Fourier transform of the spectr um i s done 
which exhibits peaks correspond in g to the differ-
ent shells of atoms. The first ones (smal ler 
distances) are general ly well separate from each 
other so that it is poss i bl e to isolate one of 
them. At that stage the knowl edge of the position 
of the peaks is not suffi cient to have a good 
acc uracy on the distances s inc e the additional 
phase ¢j(k) also varies with the wave vector k. If 
a lin ear var i at i on i s assumed ¢j (k) = a- 8k it i s 
eas i ly seen that the peak in Fourier space is 
sh ift ed towards lower distances, by about 0.2 or 
0.3 A. So general ly, after filtering, a seco nd 
Fourier transform i s perfo rmed which gi ves the 
contributi on of one given shell of atoms to the 
signal x(k) . The description of the treatment of 
the data that we have done here i s very quick but 
it is by no means trivial : the reader can find 
a ll det ails i n Lee et a l. 's review (1981) 
Phase_analys i s : the phase of the oscillations for 
a s ingle distance i s then analyzed as a function of 
the wave vector k. At first sight it seems necessary 
to know pre ci sely the phase shift s ¢j(k) to be able 
to deriv e di stances and indeed a larg e amount of 
work has been done to calculate them ab initio 
(Beni et al. 1976, Lee et al. 1977, Teo et al.1979). 
Nevertheless in many in stances met in bulk EXAFS 
this knowledge appears to be unnecessar y : the 
reason lie s in the comparison between the orders 
of magnitude of ZkRj and ¢j(k). When the experimen-
t al spectr a display osci llations up to 800 -
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1000 eV above the edge, one can forget the first 
one hundred eV in which ZkR and ¢j may be
1
of the 
same order. A rough es timate at k ~ 10 A-
(E ~ 400 eV) yields ZkR ~ 60 radian s for a typical 
first neighbour distance while ¢ i s of the order 
of severa l radians. A complete ignorance of ¢j 
would thus lead to an error of ~ 3 % i .e. 
AR ~ 0.1 A. But if ¢· i s approximately known, 
which i s generally t~e case, the preci~ion on R 
rea ches very eas il y th e order of 0.01 A. This i s 
the preci s ion that one can expect from an EXAFS 
experiment on an ordered material at reasonab ly 
low temperature compared to its Debye temperature, 
and in which sca tterin g at oms are heavy enough. 
These two re striction s ass ure that the amplitude 
of the oscillations does not decre ase too quickly 
either due to the Debye Waller factor or to the 
amplitude of backscattering. In le ss exte nded 
spectr a such an accuracy on distances cannot be 
obtained unless th e phase shifts ¢j are wel l 
known: but very often it i s not tne case, for 
the i gnorance of the arra ngement of atoms in a 
material generally comes together with a bad 
knowledge of its electronic s tructure . 
Amplitude_analysis : The amplitud e function 
obtained after filtering a s ingl e shel l of atoms 
is equal to : 
- 2k 2cr2 -ZR/ " 
A(k) = _N_ lf(k, TT) le e (2) 
kR2 
It conta in s information about the number of 
atoms in the shell, the scattering amplitud e, the 
inel ast i c l osses via " and the degree of di sorder 
of the shell whi ch i s responsible for the Debye 
Waller factor. All the se quantities are genera l-
ly unknown except lf( kTT) I which is tabulated 
for most of the atoms (Teo et al. 1979). As a 
consequence the usual procedure consists in a 
comparison with a known system whi ch contains the 
same pair of centra l and scattering atoms. Deno-
ting the reference and unknown system respectively 
by the indexes rand u, one gets : 
A ( k) N R2 R R 
Lo9-frn=Log (f-p )t2k2 ( cr~-cr~)+Z (\Jk}-,.:fn )( 3) 
u u r u r 
When one ass umes that the mean free path s of the 
elect ron in the two systems are cl ose to each 
ot her and that (Ru - Rr)/ ;i. << 1, the l ast term 
may be neglected and from the s lope and the extra-
pol ated valu e at the origin of the curve 
A (k) 
Log frn as a function of k2 one gets Nu and a~ . 
This ~rocedure of compari son between a known and 
an unknown sys tem is called chemical tr ansfera-
bility (Stern et al. 1975, 1980, Citrin et al. 
1976, Eisenberger et al. 1980 ) ; it i s also used 
in the phase analysis ; in stead of using theore-
tical phase shifts ¢j(k) one generally prefer s 
to take them from moael compounds. 
It i s worth underlining two additional points 
concerning the amplitude of the oscillations. 
First the number of atomic shells which contribute 
to the EXAFS spectrum is limited by the mean f ree 
path 0 of the photoelectron, which ranges between 
3-4 A to 10-15 A for kinetic energi es between 
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50 and 1000 eV. This assures that only the local 
atomic structure around the central atom is~ 
importance and that no long range order is needed. 
The second point is linked to the degree of pola-
rization of the exciting x ray photon. Equation 
(1) is valid for unpolarized light : when this is 
not the case the contribution of each atom located 
at R· is weighted by a factor which depends upon 
the ~olarization vector of the light t (for exam-
ple for K edges, this factor is ((t. Rj)/IRj l}2 ). 
This property provides an additional tool for the 
study of very anisotropic system, as for example, 
adsorbed atoms on surface ; it is specific of 
synchrotron sources. 
Theoretical approach to some limitations of EXAFS 
In the preceding section we have briefly 
described the procedure of extraction of the dif-
ferent information from EXAFS spectra based on the 
validity of equation (1). We are now going to 
discuss several assumptions underlying the basic 
formula from a more theoretical point of view. The 
list will by no means be exhaustive, nor will it 
refer to technical considerations of data analysis, 
such as the loss of information in performing 
Fourier transforms on a too restricted range of 
data .... which have to be kept in mind in order 
to have a thorough view of the strengths and limi-
tations of EXAFS. 
~catterinq __ of _the .Rhotoelectron: the basic formu-
la contains two hypotheses concerning the scatter-
ing of the photoelectron (Lee et al 1975, Ashley 
et al. 1975, Pendry 1983, MUller et al. 1983) : 
i) only single scattering processes are retained 
ii) asymptotic limits of the wave functions are 
used in the neighbourhood of the scattering atom. 
The validity of the second as sump ti on is easily 
checked by evaluating if kRj, which enters the 
Hankel functions, is much larger than one. One thus 
finds that the asymptotic expression is justified 
in the high energy part of the spectrum. The first 
approximation is more crucial since one knows that 
as the photon energy decreases towards the thres-
hold value, multiple scattering events contribute 
more and more, to the point that in the near edge 
region, the so-ca lled x ray Near Edge Structures 
(XANES) reflect the contribution of a given angu-
l~r momentum i to the density of states (i is 
fixed by the dipole selection rule) : complete 
~ultiple scattering calculations are necessary to 
interpret the spectra in this energy range. The 
reason was ~learl~ underlined by Lee and Pendry 
(1975) and is depicted on figure 2. When the kine-
tic energy of the photoelectron increases the 
~cattering factor f(k, e) is more and more peaked 
in the forward direction e = 0, with another small 
contribut~on at e ~ n: All the multiple scattering 
paths, which contain intermediate values of e , 
~ave thus a lower probability than single scatter-
ing events and this is especially true in EXAFS 
where all the paths must be closed. In the first 
hundred eV above threshold k-dependent correction s 
to the amplitude and the phase have to be intro-
d~c~d_in equation (1). But they may be greatly 
minimized by applying the procedure of chemical 
transferability to fj(k, n) . 
4. 








Fig. 2 : A~plitude of the scattering factor I f(k, e )I 
as a '.unc~ion of the scattering angle e , for differ-
ent kinetic energies E = 2, 8, 15 and 25 Hartrees 
(1 H = 27.2 eV). 
~l~~!~Q~:~l~~!~Q~-i~teractions : at first sight, 
equation (1) is the resuH-ora one electron scatter-
ing theory: in fact this is not completely true since 
many body effects are hidden in the one-electron 
potentials used to calculate the phase shifts.The 
p'.oblem ~as been addressed by Low Energy Electron 
Diffraction (LEED) theoreticians who have shown 
~ow to i~clud~ exchange and correlation k-dependent 
interactions in the potential and who have underlined 
that one could add an imaginary uniform part to the 
potential, which would mimic the inelastic losses 
giving rise to the mean free path of the electron. 
Th~s ~s the spirit of equation (1). Going on with 
this idea Lee and Beni (1977) have carefully calcula-
ted complex potentials within a Hohenberg-Kohn-Sham 
scheme and this work has led to a tabulation of the 
pha~e shifts. ~ut this approach was not completely 
s~tisfactory sin~e it neglected the many body tran-
sient effects which accompany the photon absorption 
(Rehr et al. 1978, Noguera et al. 1979, 1981a, 
Anderson_1967) : when a core hole appears suddenly 
the atomic and valence electrons react by creating 
a large number of shake-up, electron hole pairs and 
plasmons : one aspect i s the well known Anderson 
o'.thogonality theorem which emphasizes the cancella-
tion of the absorption cross section at threshold. 
~nother asp~ct, demonstrated by Rehr et al. ( 1978), 
is a reduction of the probability that the atom be 
left in its ground state, by a factor 52 wheres 
i s the overlap integral of the central 0 atom wave0 
function before and after the creation ofthe hole: 
for example for the creation of a ls hole on a Br 
atom S8 is on the order of 0.62. An attempt to go 
beyond this analysis was made by the author 
(Noguera et. al._ 1979, 1981 a), considering only 
plasmon excitations : the scope was to describe the 
transient reaction of the conduction electrons in a 
metal not only to the sudden appearance of the hole 
but also to the sudden appearance of the photo-
electron. The result is a modification both of the 
phase and of the amplitude of the oscillations which 
depends strongly upon k ; it was also proved that 
a mean free path factor of the type e- 2R/A cannot 
account for the k-dependence, nor for the R-depend-
ence of the amplitude loss function. 
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Theoretical cons ideratio ns on surface EXAFS 
The whole problem i s intric ate and presents 
in terest on pure theoretic al grounds. On the other 
hand, it was long recogn ized (Kin kaid et al. 1975, 
Stern et al. 1979, 1980, Eisenberger et al . 1980) 
that the experimental ampli tudes do not agree with 
the theoretical ones so that ther e was a need to 
understa nd the physical processes. The question 
may not be considered as solved but the important 
point whi ch appears from these stud ie s i s th at 
amplitu de and phase transferability is not valid 
in the firsttwo or three hundreds eV above the 
edge since i n this reg i on the many body effects 
are important and depend cruc iall y on the chemical 
envir onment. The same should be true for the 
transferability of empirical phases and amplitudes 
between systems with very different electronic 
struc tur es. 
AstITTnetri c eair distribution function : the Debye 
-2o1kZ 
Waller factor e J in eq, (1) i s obtained by 
int egrat i ng the EXAFS osc ill at ion s over all possi-
bl e fluctuations of the distance R. aro und its 
mean value R . with a Gaussian probJbility l aw. The 
Gaussian lawJis j ust i f i ed when the second order 
development of the cohesive energy in Rj - Rj 
appl i es in a l arge range of distances : the 
l att i ce potent i a l i s thus sa id to be harmonic. But 
in ani sotropic systems such as Zn (Ei senberger et 
a l. 1979) or surf aces (De Crescenz i et al. 1983a) 
and probably in a number of amorphous sys tems the 
pair di str ibuti on function of th e ato ms i s asym-
metri c. Eisenberger and Brown have inves tigated 
this quest ion and shown that analysis of the dat a 
without care can le ad to an apparent contr act i on 
of the distances as the temperature i s in creased 
in stead of the expected thermal expansion. Corre ct -
ly treated the anharmoni cit y give s a contribution 
to the phase and to the ampl itude of t he osc ill at-
i ons and this also should be kept in mind when 
using the procedure of chemical transferability. 
Non_unigueness_of _the_ f inal_ state _with_re seect_to 
~ngul ar _momentum. The inte raction between the x 
ray photon and the atoms, in the dipole approximat-
ion, l eads to a well-d efined se le ctio n rule on the 
angular momenta of the initi al and final sta t es , 
namely £f - t i = ± 1. When ans core st ate is 
exc ite d the f inal state i s unique with angular 
momentum£ = l ; but otherwise t1~0 possibilities 
occur for the final state. As a consequence th e 
amplitu de of probabilit y of t hese two proc2oses 
must be added (and not the int ens itie s) giving 
rise t o three EXAFS terms : for example for a p 
excitation there are two terms with pure £ = 0 
and £ = 2 character respectively and a mixed one 
(Heald et al. 1977). in this case the analys i s 
i s more difficult. Fortunately for polycrystal line 
samples the third term disappears upon angular 
integrati on and the ratio of p ➔ s versus p ➔ d 
excitation has been shown (Teo and Lee 1979) to 
be on the order of 0.2. These are the reasons why 
L23 edges have been ass umed to be interpretable a~ eas il y as K edges. But more recentl y Stohr and 
Jaeger ( 1983) have made a model cal culation , rela-
ted to a surface study with polarizable light, 
which shows that such an assumption yields to o 
polarization dependent distances with ~Rw.05 A 
and lar ge amplitude errors. 
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To sum it up we have tried to discuss the 
theoretical background to some points we beli eve 
to be relevant in surface s tructure determination. 
The reasons will appear clear ly in the following 
but it i s worth sketching them now : i) in most 
of the SEXAFS experiments, for various reasons, 
the energy range of the data i s limited to 2 or 
3 hundreds eV above thre shold and we have shown 
that in this range s in gle sca ttering and chemical 
tran sferab ilit y are questionable ii ) surface 
structures are highly anisotropic and iii ) in 
most of electron-induced-SEXAFS experiments the 
final state is not unique even for ans -core hole 
excitation due t o the lack of se lecti on rules in 
Coulomb-t ype interactions. 
Extended electron lo ss fine st ructure : (EXELFS 
Exten e 1ne structures a ove characteris-
ti c edges are observed not only in photon absorp -
tion exper iments but al so in inelas ti c electron 
sca tte ring (Ritsko et al. 1974, Kinkaid et al. 
1978) : in transmission geometry , high energy 
el ectrons are sent thr ough a thin foil and scat -
tered electrons are detected in a direction close 
to normal and analyzed in energy. The advantage 
of the technique i s that it does not need a sto -
rage ring and that one obtains good s ignal-to-
noise ra tio s, althou gh the preparation of samples 
of severa l hundred Angstroem thickness may cause 
some difficulties. 
The cross sec tion of thi s process resembles 
the absorption cross sect ion : 
• ➔➔ 
d2a2 4e4m2 ,qr 
-:r,:;:r~.rrr:i.- L l<f le li >l2o(Ef-E. -~w) (4) 
UIIU W 11 q · j f 1 
except that q is now the momentum transfer given 
by the in cident electron and not the wave vector 
of the photon. The val idit y of the dipo l e appro-
ximat ion thus depends on th e angle of detection . 
Assuming th at the energy transfer i s small 
compared to the in cident e l ectron energy, q is 
equal to : Zq.sin ! where q. i s the incident wave 
vector, and t~e dipolar rulJ holds if the radius 
r of the core hole i s much le ss than 1/q ; in 
other words the det ection angle e has to be small 
enough, Zq.r sin ~< < 1. When this condition is 
1 C c 
fulfilled pure EXAFS oscillations are observed 
which can be analyzed in the sta ndard way. In 
principle, two additional effe cts can obscure 
the spect r a namely the plasmon re plica and the 
scattering of the detected electron in the crysta l . 
The first one is minimized by taking a thin foil 
and very high kinetic energy incident electrons 
(40 - 100 keV). The second one is also a very 
small effect since at these energie s the electron 
is only weakly scattered by the lattice. 
Photon Induced Surface EXAFS (SEXAFS) 
The EXAFS and EXELFS t echni ques th at we have 
described previously cannot be appl i ed to surface 
structure determination because of the long pene-
tration depth or mean free path of the detected 
photons or electrons. Surface atoms are so few 
compared to bulk ones that their contr ibutions 
cannot be separated even if they display differ-
ent edges as in the case of absorba tes. S peci fi c 
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techniques have been elaborated (For a review see 
eg. Eisenberger et al. 1981, Stohr et al. 1982) in 
which electrons with small mean free path or desorb-
i ng ions are collected. We will describe here 
three photon-induced SEXAFS methods and in each 
case we will try to analyze the dependence of 
the detected signa l upon the photon energy. 
Auger-SEXAFS 
It was proposed (Lee 1976, Landman et al. 
1976) that the detection of Auger-electrons 
emitted during the de-excitation process of a 
core hole would give the EXAFS information. The 
idea is that the creation of the hole and its 
decay are two independent processes ; the first 
one has a probability equal to the absorption 
cross section, while the second is independent of 
the photon energy because it involves only a Cou-
lomb interaction between electrons on well defined 
levels. The total current of Auger electrons of 
energy EA i s thus proportional to : 
J a µ(~w) x pdecav( EA) (5) 
It is worth noting at that point that the detect-
ion of fluorescence resulting from a radiative 
decay of the hole would also give EXAFS informat-
ion ; but this fluorescence EXAFS i s bulk sensi-
tive due to the long penetration depth of the X 
rays while Auger-SEXAFS i s surface sensitive 
because Auger electrons have small mean free 
paths. The technique has been applied with success 
(eg. Citrin et al. 1978 , 1982, 1983, Brennan et 
al . 1981) to absorbates on different surfaces of 
metal. 
One of the difficulties associated withAuger-
SEXAFS is the occurrence of photoelectron peaks 
which may sweep through the analyzer at certain 
energies. This gives structures unrelated to 
EXAFS so that the data acquisition has to be 
stopped. If E0 is the absorption edge, EA the 
Auger electron energy and 6E the minimum accept-
able EXAFS range, the SEXAFS experiment i s possi-
ble only if the sample does not exhibit core 
levels of binding energy Es in the range : 
E0 - EA < E8 < E0 + 6E - EA (6) 
In practice SEXAFS spectra obtained by this tech-
nique rarely exceed 300 eV above threshold so 
that our discussion of the section Bulk EXAFS 
applies. It seems accepted that the accuracy 
cannot be as good as in bulk experiments. 
It was noticed severa l years ago (Noguera et 
al. 1981b) that equation (5) does not ever hold. 
By analogy with the problem of the non uniqueness 
of the final state for an L23 core excitation, 
described previously, it may happen that quantum 
interference s occur between different processes 
l eading to same final state. For example let us 
consider a ls core hole excitation by a photon 
on an atom A followed by an XVV Auger decay. The 
final state consists of two delocalized valence 
holes, a photoelectron and an Auger electron ; 
the core hole which has been created and then 
filled does not characterize the final state 
except via its energy and angular momentum which 
define some characteristics of the photoelectron. 
This final state could have been reached in the 
same way if the photon had been absorbed by 
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another atom B of the same atomic species as A, 
provided that the two intermediate levels of the 
Auger decay are delocalized enough. In this case 
quantum interferences between the two processes 
have to be considered: they lead to additional 
oscillations in the spectrum which cannot necessar-
ily be eliminated by the Fourier procedure. The 
same kind of problems may occur also for the exci-
tation of p levels with polarized light : three 
different states of the deep hole exist corres-
ponding to the orbital degeneracy. The interfer-
ences between the three different processes modify 
the dependence of the amplitude of the oscillations 
upon the photon polarization. Examples are given 
in the reference (Noguera et al. 1981b). 
Yield SEXAFS 
The detection of the elastic photoelectron 
current also gives information on the surface 
crystallography s ince in the energy range 50 to 
1000 eV the collected photoelectrons mainly ori-
ginate from the first few layers. But as pointed 
out by Liebsch (1974, 1976) the oscillations of 
the signal as a function of the photon frequency 
do not present the same periodicity as the EXAFS 
ones. Only when a complete 4n angular integrat-
ion is achieved (Lee 1976) does one recover the 
EXAFS formula but this is impossible to do expe-
rimentally except when the crystal is such that 
it is automatically performed (polycrystalline 
samples). We will no longer consider thi s process 
which has given rise to a separate technique 
called photoelectron diffraction (Kevan et al. 
1981). 
In total electron yield experiments all the 
electrons emitted from the sol id are collected : 
they consist of el ast i c photoelectrons (je) and 
Auger electrons (jAuger) but the major part of 
them is due to inelastic and secondary electron s . 
When the photon energy passes a threshold value, 
new channels of excitation are open (fig. 3) : 
in particular new Auger transitions occur which 
give rise to a large number of cascades of secon-
dary electron s : as a consequence edges in the 
electron yield are observed for the same photon 
frequencies as the absorption cross section. And 
indeed it has long been noted (Lukirskii etal.1964, 
1966, Gudat et al. 1972, Martens et al. 1978) 
that the yie ld current and the absorption cross 
section have a simi l ar shape not only near the 
edge but also far from it. The idea of analyzing 
the total y ield with the EXAFS formalism has 
thus resulted. Similar considerations apply to 
the so-called secondary yield technique and 
partial yield technique. The window setti ng for 
the first one is indicated in figure 3 : only 
electrons in the small est kinetic energy range 
are collected, while in partial yield a larger 
window is taken in the medium energy range of 
the spectrum. It i s not obvious that these tech-
niques are surface sensitive, except for the part-
ial yield if the energy range is well chosen : 
they are thus more suited to studies of adsorbates 
than clean surfaces, (Bianconi and Bachrach, 1979, 
Stohr et al ., 1978, 1979) but to some extent the 
same could be said of all SEXAFS studies since, 
in the case of clean surf aces, the contribut i on 
from subsurface l ayers can never be made negligible . 
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Fig. 3 : Representation of the energy level diagram 
of oxygen and nickel atoms, and schematization of 
the photoemission spectrum which would result from 
a photoexcitation with energy hv . On the lower 
half are indicated the window sett ing s for Auger, 
secondary and total yie ld . 
The theoretical analysis of the process 
relies on the following points : i) the detected 
intensity is dominated by inelastically scattered 
electrons ; the elastic photoe le ctrons which would 
not give the EXAFS are a minority, ii) the proba-
bility of creation of inelastic and secondary 
electrons g(E) is an increasing function of the 
kinetic energy E of the primary electron so that 
in a large range of energies above threshold the 
inelastic yield created by the photoelectrons 
(j in 
6
) is much smaller than the inelastic Auger 
yield (jin Auger), iii) finally, the number of 
inelastic Auger electrons created by one Auger 
~lectron is independent of the photon frequency ; 
i~ is ent ir ely deter~ined by the (constant) kine-
tic energy of the primary Auger. With the nota-
tions introduced in the text the total current 
Jtota l is equal to : 
J - . + . . 
total - Je JAuger + Jin e + jin Auger 
# j in e + j in Auger # j in Auger 
( 7) 
In the conditions where the elastic Auger current 
jAuger i s proportional to the absorption cross 
sec ti on,so is j. A and thus approximately J 
in uger total" 
Nevertheless this result can be considered 
only as a first approximation. In a recent study 
Stohr , Kendelewicz and the author (1984) have 
demon~trated, both experimentally and theoretic~ly, 
that in a more careful analysis j. cannot be 
in e 
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neglected. One first may think that j. does not 
in e 
bear ~he EXAFS infonnation because the photoelec-
tron itself does not, as we have noticed previous-
ly. But an effective angular integration certainly 
occurs during the inelastic processes . More cru-
cially the elastic scattering which gives rise to 
EXAFS is likely to interfere with the inelastic 
events, thus washing out the phase coherence 
necessary for well defined EXAFS oscillations . As 
a consequence the inelastic photoelectron current 
is proportional to the number of elastic photo-
electrons (i. e. to the "bare" absorption cross 
section µ ) multiplied by the probability of the 
cascades 0 g(E) which depends on the photon fre-
quency via the kinetic energy E of the photoelec-
tron, To sum it up the total current displays a 
dependence upon E which may be written as : 
Jtotal = f{EA) x µ(E) + g(E) x µo{E) (8) 
or replacing µ by µ
0
(1 + x(E)) 
Jtotal = (f( EA) + g(E)) (l + ~) (9) 
l+~ ) 
g(E) being a smooth function of E, Jtotal is 
predicted to present the EXAFS oscillations with 
~nchanged phase but with a reduced amplitude, 
compared to Auger-SEXAFS. The two experiments of 
yield SEXAFS and Auger SEXAFS have been performed 
on the same aluminium sample. The difference in 
the amplitudes found by the two techniques seem 
to agree well with a formula of the type of 
eq. (9). It may be reduced by an appropriate 
treatment of the background subtract ion. 
Photon st~mulated ion desoretion : 
A third method of getting EXAFS-like inform-
ation consists of detecting the yield of ions 
which desorb from the surface. For example in the 
case of oxygen adsorbed on a surface of molybdenum 
the yield of o+ ions was recorded as a function ' 
of photon frequency ~w (Jaeger et al. 1980, 1981). 
Discontinuities appear for values of ~w equal to 
the binding energies characteristic of the oxygen 
or molybdenum atoms. Knotek et al. (1978, 1979) 
proposed a mechanism for this process which is 
schematically depicted on figure 4. It relies on 
the Auger decay which fol lows the creation of the 
deep hole. When an adsorbate Xis photon excited 
an intra-atomic Auger process may occur which 
leaves the atom in an ionized state x++. If it 
is a substrate atom located on the top la yer 
which is photon excited, an interatomic Auger 
decay may fill the hole and leave the adsorbate 
in the state x++. For example, the oxygen at the 
surface is in a valence sta te - 2 or - 1 so that • 
O+· • ions can be produced by the Auger transition. 
In each of these two possibilities the adatom 
becomes positively charged and the resulting 
Coulomb repulsion causes desorpt ion. The depend-
~nce o'. the ion yie ld upon the photon frequency 
is entirely due to the probability of creation 
of the deep hole, i. e., to the variation of 
the_abs~rption cross sect ion, if the photon 
excitation and the Auger decay do not interfere 
(see the section Auger SEXAFS). It is probably 
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Fig. 4 : Two photon-induced ion desorption processes 
afacore-hole is created on an adsorbed atom and 
decays via an intra-atomic Auger process ; 
b) the core hole i s created on a substrate atom ; 
an interatomic process involving intermediate holes 
on the absorbate fills it. In a) and b) the subse-
quent ionization of the adsorbate causes desorp-
tion. 
too early to speak of limitations of this method 
since few experiments exist ; but it is worth 
underlining its extreme surface sensitivitywhether 
one observes an adsorbate edge or a substrate edge 
since, in this last case, the occurrence of the 
interatomic Auger process requires that the sub-
strate atom be bonded to the adsorbed one. 
In this section we have discussed three kinds 
of photon-induced SEXAFS techniques. Two points 
may be kept in mind : first, in most of the expe-
rimental cases encountered, technical problems, 
such as occurrence of a photoemission peak which 
sweeps through the spectrum, or occurrence of a 
substrate edge ... limit in practice the available 
range of data above the edge. One must thus be 
careful in extracting information since most of 
the usual approximations become questionable at 
low energy ; in other words the results that one 
can expect from the technique are likely to be 
less accurate than in traditional EXAFS. The 
second point concerns the theory of the detection 
mode : qualitatively it is now well established 
that EXAFS like oscillations are present in the 
spectra ; but more quantitatively effects, such 
as the ones we have described for Auger and yield 
modes, may alter the phase and especially the 
amplitude of the oscillations ; consequently, 
information about coordination numbers and disor-
der are less reliable and phases and amplitudes 
obtained by one kind of technique can doubtfully 
be used for the interpretation of spectra obtained 
with another technique. 
Electron Induced Surface EXAFS 
For the same reasons that an X-ray absorption 
experiment cannot be used to determine surface 
crystallography, it is necessary to modify the 
usual electron energy lo ss spectroscopy to make it 
surface sensitive. Five years ago it was demons-
trated that the oscillations observed in the 
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derivative of an appearance potential spectro scopy 
signal above threshold are closely related to the 
EXAFS ones and may give reliable distances at the 
surface. More recently electron energy loss spectra 
obtained in the reflection mode were also analyzed 
with the EXAFS formalism. For the sake of complete-
ness one should also mention the technique of 
electron-induced ion desorption, but we will limit 
ourselves to the first two : we will describe them 
successively and then underline some theoretical 
points related to both. 
A earance otential s ectrosco ies (For a review 
see e.g., Einstein 1982, Park 1982 . 
In these experiments low or medium energy elec-
trons (Ei~keV) are sent on a sample and either elastic 
yield or the secondaryyieldor the fluorescence x ray 
yield intensity is recorded as a function of E i. When E i 
becomes equal to one of the characteristic binding ener-
gies of the sample atoms a discontinuity in the deriva-
tive of the signal occurs which is linked to the opening 
of a new channel of excitations, and, above the edge, 
EXAFS-1 i ke osci 11 ati ans are observed. These techniques 
are surface sensitive due to the short mean pa th for 
inelastic scattering and they have been applied to dif-
ferent studies (Cohen et al. 1978, Den Boer et al. 1978 , 
1980, Park 1980) like clean metal surfaces (V,Al,Ti, Fe .. ) 
and adsorbates (0 on Al ... ). 
The interpretation is slightly more involved than 
photon-induced experiments. The main reason 1 ies on the 
existence of two electrons in the final state of the 
process which share the incident kinetic energy Ei : 
there is the impinging electron (energy Ef) and the 
electron (energy E) which has been excited from the 
core level of binding energy E8. The final state is 
thus not unique and one has to integrate the cro ss 
section over all final state configuration s fulfill-
ing the energy conservation rule Ei=Ef+E+Es. The 
EXAFS oscillations contained in the matrix element 
are washed out when the integration is performed but 
they may be recovered by taking the derivative of 
the spectrum with respect to the incident energy 
Ei because there is a sharp cutoff in the values of Ef. 
This cutoff is the Fermi energy EF in a metal orthe 
bottom of the conduction band in a semiconductor and 
when the derivative is taken the configuration with Ef= 
EF dominates the spectrum. The excited core electron 
energy becomes uniquely defined and EXAFS oscillat-
ions reappear. 
The main advantages of these spectroscopies 
are thei'. surface sensitivity, their easy applicat-
ion to light element core level study and their low 
cost equipment. Nevertheless they do not benefit 
f'.om the synchrotron's high polarization possibili-
ties and they do not allow coordination determinat-
ion due to the derivative procedure. 
Surface extended energy loss spectroscopy SEELFS) 
During t e past two years a new tee ni que o 
surface structure determination has been used 
(De Crescenzi et al. 1981, 1983b, Teng et al. 
1983, Papagno et al. 1982, Rosei et al. 1983), 
which relies on the detection of energy lo ss 
spectra in the reflection mode. Contrary to the 
transmission mode where very high kinetic energy 
incident electrons are needed, in the reflection 
mode a short mean free path for inelastic scat-
tering is required to enhance the surface 
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sensitivity. Primary electrons of energy of 800 
to 2000 eV are sent perpendicular to a surface 
and emerging electrons are collected with a cy-
lindrical miror analyzer (CMA) and analyzed in 
energy. The incident energy Ei remains constant. 
The current N(E) presents the same kind of beha-
viour as bulk EXELFS spectra with edges and oscil-
lations above _the edges. But in order to increase 
the sensitivity in the oscillation range, the 
first or second derivative of the distribution 
is taken, so that information about coordinance 
is lost. 
The first experiments have underlined the 
relationship between the observed structures and 
the crystallography of the samples, the indepen-
dence of the determined distances versus the 
incident kinetic energy, and the high sensitivity 
to the surface. It is emphasized that the signal 
to noise ratio is better than in photon induced 
SEXAFS in the range ~w ~ 100 to 1000 eV even at 
the highest photon fluxes currently available 
(for the same data acquisition time). As a 
consequence the technique allows the structural 
determination of adsorbates in submonolayer quan-
tities and the investigation of the behaviour of 
the atoms of the substrate. But the adsorbates 
must be strongly bound to the substrate in order 
that no electron beam damage or desorption occur. 
Although the measured quantity is different 
from the appearance potential spectroscopy one, 
the basic interactions and related theoretical 
problems are similar so we will discuss them 
now together. 
Theoretical considerations related to electron 
induced surface spectroscopies. 
The theory of the appearance potential spec-
troscopy was worked out by Laramore (1978, 1979; 
Laramore et al. 1980) and det ai led in relation to 
experiments (Den Boer et al. 1980) . Severa l diffi-
culties arise which are not present in photon-in-
duced SEXAFS. 
Angular_momentum_selection_rule : in EXAFS the 
dipole approximation applies to the photon-electron 
interaction, while in electron induced excitation 
angular momentum can be conserved in many differ-
ent ways, causing a superposition of partial waves 
in the final state, each one with its own phase 
shifts, and possible interferences. In each 
special case the different matrix elements need 
to be calculated : for example it was shown that 
for the K shell excitation of oxygen the transit-
ion with 6i = 0 was dominant. This provides an 
effective selection rule which makes the analysis 
easier. More generally for excitation of l s states 
the rule 6i = 0 applies in a more and more convinc-
ing way as the binding energy gets larger . For a 
2p core, radial matrix elements again favourfinal 
states with low angular momentum (i < 2) but a 
simple selection rule does not manifest itself 
clearly (Einstein et al. 1979). This point should 
be carefully studied especially in SEELFS experi-
ments which have been interpreted till now with 
a dipolar-type selection rule. 
Diffraction_of_the_exciting_electron : aside from 
the scattering of the excited core electron which 
gives EXAFS oscillations of the cross section as 
a function of the energy transfer, the exciting 
electron also suffers diffraction events before 
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and after the core hole creation. Depending upon 
the kind of experiment, one has to take care of : 
(1) diffraction of the exciting electron before 
the core hole creation in X ray yield appearance 
potential spectroscopies (since the incident 
energy varies) (2) diffraction of the exciting 
electron after the core hole creation in SEELFS 
(since the7ncident energy is constant but the 
final energy varies at the same time as the 
energy transfer does) (3) diffraction of the 
exciting electron before and after the core hole 
creation in elasticy,el"d and secondary yield 
appearance potential spectroscopies. Because 
either the incident or final energy varies, these 
diffraction effects give rise to additional struc-
tures in the spectra. In some cases the EXAFS 
oscillations may be completely hidden ; in all the 
others they are likely to be modified . Nevertheless 
there exists for some spectroscopies different 
ways to reduce these unwanted structures : in 
secondary yield appearance potential spec troscopy, 
the low energy electron yield (E < 20 eV) mainly 
includes secondary electrons created by the prim-
ary Auger electrons of the core hole decay, because 
the Auger electrons are the most energetic (at 
least near threshold, see discussion of the section 
Yield SEX~F~. As a consequence the diffraction 
effects ta they suffer do not depend on the 
incident energy; by collecting only these electrons 
one eliminates the possible struct ures due to 
diffraction after the core hole creation, but 
there remainsthe effects of the scatter ing of 
the incident electron before the core hole creat-
ion. It has been noted--uiatthe inten si ty of the 
diffraction peaks decreases with temperature but 
the same holds for EXAFS structures so that it i s 
not obvious whether heating is a good means to 
increase the relative streng th of EXAFS versus 
diffraction str ucture s. 
To our knowledge no calculation exists to 
account at the same time for these two processes, 
except the multiple sca ttering scheme proposed by 
Laramore. We believe that a s implification of 
his work could be applied to SEELFS which is the 
s implest of the electron-induced spectroscopies 
from a theoretical point of view. But for the 
moment great care should be taken in analyzing 
the data s ince EXAFS and diffraction effects 
present similar Fourier components. 
Conclusion 
EXAFS is now a well established technique of 
structural determination . The first years of its 
history, roughly from 1971 to 1976, were used to 
demonstrate its power and its applicability to 
many different systems and a large enthusiasm 
rose when examples proved that the accuracy 
obtained on the distances could be better than 
0.01 t. In fact it is fair to say that the 
enthusiasm still survives. But from 1976 more 
systematic work, both experimental and theoretical 
has shown that some limitations exist. Some of 
them concern the phase analysis which is more and 
more difficult as the range of data available 
above threshold is reduced : nevertheless even 
when the error or distances reaches 0.05 or 
0.0 8 t EXAFS is still a unique tool in all the 
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cases where no long range order exists. As concerns 
the amplitude analysis, the problem is more intric-
ate : it is now clear that the basic formula does 
not account correctly for the many body events, 
and that it yields very large errors in some 
energy ranges. Part of the problem was solved 
by not using theoretical amplitude factors (such 
as scattering amplitudes, Debye Waller or mean 
free path factors) to extract the coordination 
number, but rather to use those deduced from the 
analysis of a known compound having similar pairs 
of atoms. But yet the amplitude is very sensitive 
to the chemical environment especially in the low 
energy region (E < 300 eV) so that the validity 
of the transferability may be questioned again 
when the range of data is limited . It is difficult 
to put in numbers since the evaluation of these 
many body effects was possible only in very spe-
cial cases compared with the rich variety of 
experimental situations encountered. But the 
error on coordination numbers can reach very often 
10 to 20 %. 
We could say that we are living now the first 
part of the development of surface EXAFS. In the 
last few years many different techniques were 
elaborated to sample mainly the surface layers. It 
was shown that the oscillations of the cross 
section closely resembled the EXAFS ones and that 
indeed there were some theoretical reasons to 
believe it. But it is probably too early to speak 
of limitations in a systematic way. The best that 
we know comes from what can be extrapolated from 
the studies of bulk EXAFS : because most of the 
time the data range is limited to the first two 
or three hundred eV care has to be taken when 
tran sferring phases and amplitudes from one sys-
tem to the other ; moreover the intrin s ic aniso-
tr opy of the systems yields complications which 
can invalidate the hypothesis of harmonic elastic 
forces. 
Aside from these problems, we have tried to 
underline that there is another category of dif.-
ficultie s , lying on the mode of detection chosen 
to record the SEXAFS oscillations. Our analysis 
was qualitative but at that point it could not 
be otherwi se because nothing systematic has been 
done. The idea is that, depending upon the kind 
of spectroscopy, the detected current is not 
generally exactly proportional to the absorption 
cross section : unwanted effects may alter the 
phase and, probably more crucially, the amplitude 
of the oscillations, causing additional errors 
on the distances and on the coordination numbers. 
Some mechanisms were proposed but a lot of work 
remains to be done to examine whether there could 
be other mechanisms and to give a more quantita-
tive evaluation of their effect. 
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Discussion with Reviewers 
S. Heald : No mention is made of the use of glanc-
ing incidence techniques to enhance surface sensi-
tivity. At glancing incidence angles the x-rays 
can undergo total external reflection which means 
they penetrate only 20-30 A into the surface. 
Previous work (e. g. Martens and Rabe, Phys. Stat. 
Sol. a 58, 415 (1980) ) has demonstrated possible 
applicaTions to EXAFS. Perhaps the author could 
compare this technique with those discussed in 
the paper. 
C. Noguera*: The possibility of using glancing 
incidence techniques is very promising and exciting. 
The kind of information that one can get is slight-
ly different from a true surface experiment since 
the sampled depth is larger : 20 - 30 ~ and 
consequently the applications will be different. 
From a theoretical point of view, the analysis of 
the data seems more difficult than in the standard 
surface EXAFS technique due to the contribution 
of the real and imaginary parts of the dielectric 
constant. To my point of view more experimental 
and theoretical studies are needed before one is 
able to know the true possibilities of this tech-
nique. 
S. Heald : Many of the problems with surface 
sensitive techniques have to do with distortions 
of the EXAFS amplitudes. Many experiments don't 
require absolute amplitudes but do require compar-
isons of amplitudes measured for different x-ray 
polarization directions. How do the problems 
discussed in the paper affect such relative ampli-
tude measurements? 
C. Noguera*: When use is made of the polarization 
of the light to determine the adsorption geometry, 
it is true that the knowledge of the absolute 
amplitude is not needed, so that a large part of 
the difficulties is removed. This is especially 
true for the study of K edges. But when p or d 
holes are concerned, I see two remaining diffi-
culties : the first one is the non uniqueness of 
the final state and the second is the possibility 
of intra-atomic interference effects in the Auger 
or fluorescence detection modes, since as discussed 
in the text, they lead to non usual dependence of 
the amplitude upon the polarization of the light . 
S. Heald : Anharmonic disorder is a problem if 
gaussian distributions are assumed. However, if a 
more general analysis is used EXAFS offers the 
* /l.uthor 
532 
opportunity to obtain information about the anhar-
monic motion of surface atoms. What are the possi-
bilities along thi s line? 
C. Noguera*: To my knowledge no analysis of EXAFS 
going beyond the gaussian distribution hypothesis 
has been applied to a surface study. I imagine 
that a treatment of the data of the type proposed 
by Tranquada et a 1 . ( 1983) for CuB r cou 1 d have 
been applied by De Crescenzi et al. although they 
lack the amplitude knowledge. More generally the 
k- and T-dependence of the phase and amplitude 
of the oscillation s allows the determination of 
the 2nd, 3rd and eventually the 4th cumulant ; 
but at that point there remains a large step to 
perform in order to make a 1 ink with the microscopic 
description of the vibrations at the surface. 
E.A. Stern: The author points out that equation 
(5) does not strictly hold. Since the 
assumption of Eq. (5) is crucial to the interpret-
ation of Auger electron current as measuring the 
SEXAFS, could the author estimate how much error 
is introduced by assuming that Eq. (5) is correct, 
both in phase and in amplitude? 
C. Noguera*: Few things are known concerning the 
non validity of equation (5) since there has been 
no systematic experimental effort made to check it. 
I pointed out several years ago that two processes 
could invalidate it, respectively called extra-
atomic and intra-atomic interference effects 
(Noguera et al. 1981b}. As described more extensively 
in this last reference, the first effect may either 
lead to an additional peak in the Fourier transform 
(and this could be a means to check the theory) o~ 
if this peak i s mixed with a true EXAFS one, it may 
yield to very important changes of the amplitude 
of the oscillation s (see fig. 2 of the reference) 
which can reach 100 % or more depending upon the 
parameters involved ; but the distances will not 
be too much affec ted (a few hundredths of Angstroems). 
This process should be looked for in the case of 
an Auger decay in a compound with extended orbitals 
(not d or f) and small Fermi wave vector. 
The intra-atomic interferences due to the 
degeneracy of the hole will also affect the ampli-
tude of the oscillations. More specifically the 
amplitude will depend non only upon the angle 
(Rj,t) but also on the azimuthal angle ¢ defining 
the vector Rj with respect to the normal to the 
surface ( cf equations 17 and 19 of the reference). 
The modification i s different according to the 
kind of Auger process so that each case should be 
examined in detail ; but it is clear that this 
effect has incidences on the determination of the 
adsorption site by means of polarized light. 
E. A. Stern : It has recently been shown experi-
mentally($. M. Heald, E. Keller and E. A. Stern, 
to be published in Physics Letters) that the EXAFS 
of a monolayer of Au on glass can be measured with 
about 103 times the signal to noise that is given 
by the standard electron detection methods. In the 
new method the x-ray beam is incident at a glancing 
angle so that it totally reflects and the EXAFS is 
detected from the fluorescent x rays emitted by 
the excited Au atoms as the incident x ray energy 
passes through their L3 edge. Are there any inter-
ference effects in this case that would give an 
EXAFS signal at the surface different from that at 
the bu 1 k, ana 1 ogous to what occurs for Auger electrons? 
Theoretical considerat i ons on surface EXAFS 
C. Noguera*: In an addenda to the above mentioned 
paper, I pointed out that int ra -atomic inter fer -
ence effects may occur as well in a fluorescence 
experiment on an Lz3.M23 or M45 edge. The only 
difference rel i es upon the se l ect ion rules 
whi ch are not the same in an Auger matrix element 
as in a dipole matr i x element. 
C. Boizi au : Conducting polymers cons titute a 
very promi sing area of research in a fundamental 
perspective as well as for i ndustria l appl i cat i ons. 
tJow, it i s observe ·d , in particu l ar for fi lms 
with a quasi- crysta llin e structure , that their 
conductivity grows rapidly before reaching a 
constant level when a compressi ve force i s 
exerted in the direct i on of the polymer chains . 
Could one or other of the tech ni ques that 
you descr i be be advant ageously empl oyed in order 
t o establ i sh a direct corre l at ion between the 
chain deformat i on (i n other words, the join i ng 
or close proximity of the deloca li sable orb it al 
carr i ers) and conduct i vit y? 
C. Noguera*: EXAFS (or SEXAFS) as well as Near 
Edge Structure (XANES) may give information on 
the nature of the bonds and on how the bonds are 
modified when pressure or doping is changed . This 
was recently proved in the fie l d of polymers by 
Tokumoto et al. (Proceed ings of the International 
conference on the physi cs and chemi stry of l ow-
dimensional synthet i c metal s . Abano Terme, Italy; 
June 1984)+who stud i ed the Br-C bond in Bromi ne 
doped polyacetylene. The difficulty lies in the 
possible x ray damages, and on the low scatter -
ing power of most of the atoms involved in 
organic molecules whi ch al l ows to record only 
few oscillations in the EXAFS spectr um. 
C. Boiziau : The el ectrostatic charge phenomena 
observed on the insulators are commonly inter-
preted as result ing from charge local i sa tion on 
the defects present in the solid (defect "a 
priori" or defects caused by the study ing tech -
nique s). 
In particular, in s ili ca , the se defects 
correspond to ruptures in th e s ilicon- oxygen 
bonds. Can one envisage an exper iment showing 
a Si -0 inter-atomic distance which depends upon 
the state of the bond, open or closed? What 
defect density threshold would it be necessary 
to achi eve, to make the measurement possible? 
C. Noguera*: A prior i EXAFS is wel l suited to 
detect changes in the bond- lengths. But the 
density of defects shoul d probably be much 
larger than what i s genera ll y reasonable in 
an actual mater ial . Without being able t o give 
precise numbers, I can recall that in order to 
detect a dilute element in a matr i x, the density 
of this element has to be roughly C ~ 10- 3 in 
standard EXAFS and perhap s C ~ 10-5 in fluores-
ce nce. But in the case of defects of bond-length 
the experiment is more difficult s ince it requires, 
i n the Fourier transform to be able to separate 
a new peak. As a consequence the threshold 
concentra tions are lik ely to be much la rger . 
C. Boiziau : Taking int o account the importance 
of spa ti al resolution analysis for material 
sc ience, and the present evolution of instrument-
al techn i ques (both spectro scopic and computer 
techniques ) , is it possible to foresee EXAFS (or 
SEXAFS) measurements on the sca l e of a micron ? 
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C. Noguera*: To my knowledge photon induced SEXAFS 
or pure EXAFS are not able to sampl e regions of a 
material of the si ze of a micron, and even when 
focal iz atio n of the light i s performed several 
orders of magnitude are still l acking. Nevertheless 
I believe that an answer to that quest ion could 
come from surface electron energy l oss experiments 
(SEELFS) performed wi th a STEM,
0
where the s i ze of 
the beam may be as small as 50 A . 
* Author 
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